Abstract Baltic cod livers have during recent years been found increasingly and heavily infected with third-stage larvae of Contracaecum osculatum. The infections are associated with an increasing population of grey seals which are final hosts for the parasite. Heavy worm burdens challenge utilization and safety of the fish liver products, and technological solutions for removal of worms are highly needed. We investigated the attachment of the worm larvae in liver tissue by use of histochemical techniques and found that the cod host encapsulates the worm larvae in layers of host cells (macrophages, fibroblasts) supported by enclosures of collagen and calcium. A series of incubation techniques, applying compounds targeting molecules in the capsule, were then tested for their effect to induce worm escape/release reactions. Full digestion solutions comprising pepsin, NaCl, HCl and water induced a fast escape of more than 60% of the worm larvae within 20 min and gave full release within 65 min but the liver tissue became highly dispersed. HCl alone, in concentrations of 48 and 72 mM, triggered a corresponding release of worm larvae with minor effect on liver integrity. A lower HCl concentration of 24 mM resulted in 80% release within 35 min. Water and physiological saline had no effect on worm release, and 1% pepsin in water elicited merely a weak escape reaction. In addition to the direct effect of acid on worm behaviour it is hypothesised that the acid effect on calcium carbonate in the encapsulation, with subsequent release of reaction products, may contribute to activation of C. osculatum larvae and induce escape reactions. Short-term pretreatment of infected cod liver and possibly other infected fish products, using low acid concentrations is suggested as part of a technological solution for worm clearance as low acid concentrations had limited macroscopic effect on liver integrity within 35 min.
Introduction
The nematode Contracaecum osculatum (Rudolphi, 1802) occurs as adult in pinnipeds and as the third-stage larvae in crustaceans and fish (Køie and Fagerholm 1995; Zuo et al. 2016; Nadolna-Altyn et al. 2017) . It belongs to the family anisakidae, and may, as various species within the genera Anisakis and Pseudoterranova, be associated with the human zoonotic disease anisakidosis. Thus, several human cases of larval invasion of the gastro-intestinal tract, due to ingestion of undercooked fish products, have been reported (Schaum and Müller 1967; Shamsi and Butcher 2011; Nagasawa 2012) , and animal experimentation using pigs has shown that C. osculatum larvae are able to penetrate the host stomach mucosa and elicit eosinophilic granuloma formation (Strøm et al. 2015) corresponding to pathological reactions associated with Anisakis and Pseudoterranova infections (Bier et al. 1976) . Early investigations during the 1980s reported merely weak infections of Baltic cod (Gadus morhua) (Haarder et al. 2014; Eero et al. 2015) but during recent years Baltic cod livers have been reported to be increasingly heavily parasitized (100% prevalence, mean intensities below 90 parasites per fish but maximum intensities up to 370) by the third-stage larvae of C. osculatum (Haarder et al. 2014; Mehrdana et al. 2014; Nadolna and Podolska 2014; Buchmann and Mehrdana 2016; Horbowy et al. 2016; Zuo et al. 2017) . Cod in other marine areas in the Atlantic including Canadian, Icelandic and Celtic seas may be infected but at a considerably lower level (Boily and Marcogliese 1995; Perdiguero-Alonso et al. 2008; Gay et al. 2017) . Increased worm burdens in the Baltic Sea are caused by elevated infection pressures due to the increasing abundance of the final host, the grey seal Halichoerus grypus (Zuo et al. 2017) which are known to carry significant stomach infections of adult C. osculatum (Lunneryd et al. 2015; Zuo et al. 2017) . Baltic cod liver contains dioxin and PCB which may interfere with marketing of the product (Godliauskienė et al. 2012 ) but the high rates of cod liver infections add to food hygienic concerns. Thus, nematode infections of fish products affect the safety and suitability of products for human consumption (Buchmann and Mehrdana 2016) , and therefore methods to remove the worms from the livers may increase safe exploitation of cod liver and possibly fish products in general. The present study using histochemical techniques describes partly the nature of the encapsulation material around the nematode larvae in the cod liver. Based on these findings, we subsequently evaluated a series of incubation methods, targeting specific components of the encapsulation, for extrusion of larval C. osculatum nematodes from Baltic cod livers. The concept is based on earlier observations on escape reactions of these third stage-larvae when exposed to artificial digestion fluids (water, pepsin, HCl, NaCl), a method applied for enumeration of the worms in Baltic cod liver (Mehrdana et al. 2014) . The integrity of the livers during the incubation was evaluated to establish a possible exploitation for food processing.
Materials and methods

Fish
Cod (Gadus morhua) with total body lengths 35-48 cm were caught in the Baltic Sea immediately east of the island Bornholm (ICES SD 25) by a local fisherman. The livers (weight 19.4 to 34.8 g) were removed on board the vessel immediately after catch, placed in plastic bags on ice and transported to the laboratory for processing within 18-h postcapture. For the extrusion study, a total of 36 cod were used, and the entire liver from one fish was incubated in a beaker as described below.
Fixation and sectioning for histology
A subsample of other cod livers recovered were used for histology. Pieces of liver (from four cod specimens) with encapsulated nematode larvae were fixed in neutral (pH 7.4) 4% formalin in PBS (Hounisen, Denmark) for 24 h and then transferred to 70% of EtOH (Kemetyl, Denmark) until further processing including paraffin embedding, sectioning (4 μm) and staining.
Staining
Tissue sections were stained by standard staining techniques including haematoxylin and eosin. Tissue calcium deposition was detected by applying the Alizarin red technique, and tissue collagen deposition was visualized by use of van Giesson staining (Kiernan 1990 ).
Identification of nematode larvae
Nematode larvae were removed from liver tissue by pepsin/ HCl digestion, (see below), conserved in ethanol and identified by light microscopy and PCR with subsequent sequencing of ITS. In brief, anterior and posterior parts of nematode larvae recovered from cod liver were placed in 70% EtOH and transferred to Amann lactophenol (RAL Diagnostics, France) overnight for clearing. The worm parts were then mounted on microscope slides using mounting media Aquatex® (Merck, Germany) and identified according to Fagerholm (1982) . For molecular identification, the middle section of the worm conserved in 70% EtOH (Kemetyl, Denmark) was used for diagnosis based on PCR, and subsequent sequencing was performed according to Zuo et. (2017) . Two primers (forward primer (primer NC2) and reverse primer (primer NC5) (Zhu et al. 2007 ) were used.
Extrusion solutions
Seven incubation solutions were tested for their effect to induce worm release from the livers at 37°C.
Media used included a full digestion solution consisting of physiological saltwater with pepsin (Orthana, Denmark) and hydrochloric acid. We compared the effect of this medium with pure water, physiological saline (0.9% NaCl), pepsin in water (1%) and hydrochloric acid in three concentrations (Table 1) .
Incubation A total of 36 glass beakers (each with a total volume 2 L) were divided into seven groups (each consisting of 3-6 beakers) for each treatment. A total of 36 cod livers (weight 19.4 to 34.8 g) were placed individually in beakers whereafter the experimental solution was added (10 ml per g liver) whereafter incubation was conducted at 37°C under stirring (300 rpm). The worms which left the liver tissue were isolated by pouring the solution through a sieve (mesh size 300 μm) at each time point (5, 20, 35, 50, 65 min) whereafter the fluid was poured back into the beaker with remaining liver tissue. The worm larvae were counted at each time point using a dissection microscope (magnification of ×7-40). In order to establish the total number of worms in the individual livers, at the start of the experiment, any worms remaining in the liver tissue after incubation (65 min) were recorded by the compression technique (Buchmann 2007) . In brief, the remaining liver tissue was compressed between two 10 mm glass plates (dimensions 150 × 150 mm) and scrutinized under the dissection microscope (×10-40 magnification) for counting of remaining worms.
Evaluation of liver integrity
The liver tissue was subjected to gross macroscopical integrity assessment after 5, 20, 35, 50 and 65 min. The livers were characterized and ranked as (1) intact, coherent, firm, (2) slightly disintegrated surface, soft, (3) partly disintegrated, fragmented, soft, (4) highly disintegrated and very soft
Statistics
Release rates of different treatment groups from 0 to 65 min were analysed by the Kaplan-Meier Plot (Graph Pad Prism 4.0), and differences between incubation groups were evaluated by the log-rank (Mantel-Cox) test with a probability level of 0.001.
Results
The worm larvae isolated from Baltic cod livers were all diagnosed as C. osculatum sensu stricto both by morphometric (Fagerholm 1982 ) and molecular methods showing 100% similarity to GenBank No. JX467659 to JX467663 corresponding to findings by Haarder et al. (2014) and Mehrdana et al. (2014) . Cod livers were all found infected with the thirdstage larvae of C. osculatum (100% infection) with intensities ranging between 9 and 91 parasites per liver (Table 1) .
Histology and histochemistry The third-stage larvae of C. osculatum were all found encapsulated in cod livers. The material surrounding the individual worm larvae consisted of outer concentric layers (two to four cell layers) of macrophages and fibroblast-like cells enclosing inner amorphous layers showing positive reactions for collagen (Fig. 1a) and calcium (Fig. 1b) . The hepatocytes distributed throughout the liver, and not directly associated with the encapsulation, were depleted of their lipid content due to histological processing (dehydration with ethanol and xylene) and appeared partly lysed.
Worm release Worm counts in the individual livers were recorded, and the percentages of escaped worms (in relation to the total number of worms in the liver before incubation) at the different time points were calculated for each treatment. The replicate groups within each incubation type did not differ significantly, and the group data were pooled for comparison. The different treatments elicited significantly different escape reactions of the worms (Fig. 2, Table 2 ). Water alone and saltwater alone (showing no effect) and pepsin in water (showing slight effect) were the least effective media for induction of liver worm escape whereas full digestion solution (HCl, NaCl, water, pepsin) and HCl in the two highest concentrations (48 and 72 mM) elicited fast and statistically significant exit of the majority of nematode larvae within 20 min ( Table 2 ). The lowest concentration of HCl (24 mM) showed a delayed release at 20 min but after 35 min, no difference to higher concentrations were seen.
Liver integrity
Incubation of cod liver in water and saline alone did merely affect tissue integrity slightly as all livers could be ranked as 1 to 2 after 35 and 65 min, respectively. The livers incubated in the 24 mM HCl were ranked 2 at both time points. The two highest concentrations of HCl left livers characterized as ranks 2 to 3. The liver tissue incubated in pepsin alone in water disintegrated partly (rank 3). The full digestion medium left the livers which are clearly affected at 35 min (rank 3) and highly disintegrated in numerous tissue fragments (rank 4) at 65 min.
Discussion
The present study showed that the third-stage larvae of C. osculatum actively leave the livers from Baltic cod when exposed to various solutions of compounds which occur in the stomach fluids of the final host, the grey seal. Thus, full digestion solution composed of pepsin, NaCl and HCl induces a fast exit of a large part of the worms. Already after 5 min, more than 50% of worms were cleared in this medium. However, it was found that HCl alone allowed release of nematode larvae from the liver tissues to a comparable level. This suggests that pretreatment of the livers with relatively low concentrations of acid may be part of a technological solution for removal of C. osculatum larvae from fish tissue before processing for human consumption. We showed that the larvae were encapsulated in the liver tissue of cod by a marked cellular host reaction comprising macrophage and fibroblast-like cells with deposition of collagen and calcium in compartments around the parasite. Cellular encapsulation (comprising macrophages, mast cells and fibroblasts) of nematode larvae in fish tissue is a common reaction of the fish host towards larger pathogens which are not easily killed and eliminated by phagocytosis (Buchmann 2012) , and similar reactions were recently described from the livers of Gymnotus inaequilabiatus heavily infected with the nematode Brevimulticaecum and from the intestinal wall of Anguilla anguilla infected with Contracaecum rudolphii larvae (Dezfuli et al. 2016a, b) . The worm larvae are sequestered and relatively inactive in the host tissues but still able to survive the reaction for extended periods despite the reactions which may be due to the release of immune-regulating E/S products. Corresponding compounds from Anisakis simplex Fig. 2 Escape rates (percentage of total worm population escaped at each time point) of C. osculatum third-stage larvae from Baltic cod liver tissue exposed to various media at 37°C have been reported to regulate expression of inflammatory genes in rainbow trout (Bahlool et al. 2013) , and recently showed that C. osculatum E/S products limit expression of inflammatory genes in zebrafish. Following ingestion by the final host, which is the seal, the worms retain activity and will subsequently infect the stomach mucosa. The seal stomach environment contains the proteolytic enzyme pepsin (which may target collagen) and HCl which secures an appropriate low pH (approximately pH 2) favouring pepsin activities. The acid itself was in this study shown to induce activation and worm escape from the ingested liver and that suggests that pepsin is not a crucial component to activate worms for their first escape reaction. The exact stimulus sensed by the worm and leading to escape is not known but it may be hypothesised that (1) acid has a direct effect on the worm and (2) interactions between acid and calcium carbonate may lead to the release of free molecules (e.g. CO 2 and Ca ++ ions) which may trigger worm activity. Degradation of collagen will release peptide fragments or free amino acids which may be sensed by the worm but this step does not seem to be crucial for activation and escape from the liver. Similarly, the high body temperature (37°C) alone was not the triggering factor as water and saline at this temperature had no effect. Occurrence of zoonotic nematode larvae in fish products is considered an increasing problem in various stocks of wild fish species, and pretreatment of products with freezing or heat is needed to kill larvae and prevent infection of consumers (Chai et al. 2005) . The anisakid nematodes in fish tissue release allergens which may cause problems in sensitized consumers (Lin et al. 2014, Mehrdana and , and therefore removal of worms could be one way to reduce allergen contents and thereby increase food safety. However, it cannot be excluded that allergens diffuse into the liver tissue from the encapsulated worm, and the high temperature (37°C) used for incubation is known to increase the release of excretory/secretory compounds from anisakid nematode larvae (Bahlool et al. 2013) . Therefore, future studies must elucidate to which extent allergens remain in the product following worm removal by this method. These findings may indicate that pretreatment of cod livers with a HCl solution may be used for development of a technological solution for removal of worm larvae which may be used to increase the exploitation of this food resource from the Baltic. This nematode species is related to other genera, such as Anisakis and Pseudoterranova, all belonging to the family anisakidae. These parasites possess life cycles with inclusion of marine mammals as final host and invertebrates and fish as transport hosts (Mattiucci et al. 1998 ). This suggests that the presented methodology may be used to induce exit of worm larvae from other types of fish products infected by other worm types as well. For a technological worm removal solution, it can therefore be recommended to explore the acid stimulation further. In this context, it is noted that even low concentration of HCl had some macroscopic effect on liver integrity, and therefore it is recommended to investigate if this treatment affects the organoleptic character and microstructure of the product which may interfere with industrial processing and quality of the fish products.
